We demonstrate the three-step fully-resonant photo-ionization of 174 Yb + with weak continuouswave lasers at ultra violet wavelengths. Starting from an ion crystal of two laser-cooled Yb + ions localized in a radio-frequency trap, the verification of the ionization process is performed by characterizing the motional dynamics of the resulting mixed-species ion-crystal.
I. INTRODUCTION
Since several years multiply charged ions have been proposed for a diversity of tasks in ion-trap based experiments. The corresponding contexts include measurements on the drift of fundamental physical constants [1] , optical-clocks [2] and the stabilization of zig-zag ioncrystal modes [3] . Here we are interested in 174 Yb 2+ since in the level-scheme of this ion species a nearly isolated resonance transition exists which behaves like a close to pure two-level system. This in turn is one of the fundamental requirements for studies on highly-efficient lightmatter interaction in free space [4] .
Several production methods have been applied for the generation of multiply charged ions. Most widely used is the production of ions by laser ablation from solid state targets [5, 6 ]. An alternative is the production of ion-plasmas from vacuum arc sources [7] , potentially followed by further beam ionization to higher charged states. Ions generated with these methods have also been trapped subsequently to their generation, e.g. in a Penning trap [7] or in a linear Paul trap [5] . Methods to generate multiply charged ions with a higher level of control have been demonstrated in Refs. [1, 3, 8] . There, singly charged ions have been generated and trapped inside a radio-frequency ion-trap. The subsequent ionization to the doubly charged state has been performed by electron-beam bombardment [1] , field ionization using femtosecond laser pulses [8] , or non-resonant direct photo-ionization with a vacuum ultra-violet light source [3] . The work in [1] has to be highlighted here as the first report on the successful production and trapping of Yb 2+ . However, all of the aforementioned methods can create charge deposits in the vicinity of the trapping site. These charges can be detrimental for the trapping performance as well as introduce an additional source of heating, thereby complicating high-precision measurements.
In contrast, here we demonstrate the resonant photoionization of a single trapped and laser cooled Yb + ion to Yb 2+ , requiring only about 100 µW of laser power while simultaneously minimizing charging of the trap environment and obtaining high ionization efficiency. Section II introduces the pursued ionization scheme and gives an estimate for the expected ionization rate. In Sec. III we report the experimental results, followed by a discussion and an outlook in the last section.
II. RESONANT PHOTO-IONIZATION SCHEME
The photo-ionization scheme used here involves a set of three transitions as shown in Fig. 1 . In the first step the level 5d 3/2 (see [9] for a description of the convention of the level notations) is exited via the transition 6s 1/2 → 6p 1/2 and a subsequent decay 6p 1/2 → 5d 3/2 . The latter occurs with a branching ratio of 0.5% [10] . In the next step the level 7p 1/2 is excited via the transition starting from 5d 3/2 using light with a wavelength of 245 nm. Starting from the level 7p 1/2 a transition towards an unbound state of the valence electron is realized by excitation with the same wavelength.
On the basis of the theoretical data in Ref.
[11] the decay paths of the level 7p 1/2 can be analyzed. The strongest decay with a branching ratio of 69.1% occurs via the transition 7p 1/2 → 7s 1/2 from where finally either the cooling cycle (see below) or the level 5d 5/2 is entered. The decay 7p 1/2 → 6s 1/2 occurs with a branching ratio of 17.7%. The branching ratio for the decay 7p 1/2 → 5d 3/2 is found to be 12.4%. The decay cascade of the level 7p 1/2 includes the excitation of the level 5d 5/2 [11] . This level is reported to have a lifetime of 7.2 ms [12] . Due to this relatively long lifetime the efficiency of the excitation of the level 7p 1/2 in the above described scheme would be lowered significantly. The level 5d 5/2 is therefore cleared directly via the transition 5d 5/2 → 1 [3/2] 3/2 with light at a wavelength of 976 nm. In addition the level 5d 5/2 can decay to the level 2 F 7/2 with a branching ratio of 83% [12] . A lifetime of 3700 d is reported for the latter level [13] , which is cleared via the transition 2 F 7/2 → 1 [5/2] 5/2 with the wavelength 638 nm [14] .
In the experiment the four transitions mentioned above are driven by diode-laser based light-sources. The inclusion of the two repumping-lasers for the levels 5d 5 Yb + relevant for the photoionization process discussed here. The level 5d 3/2 is pumped via the level 6p 1/2 using the transition from the ground state 6s 1/2 . Another transition from level 5d 3/2 excites the level 7p 1/2 . Starting from this level 7p 1/2 a transition to an unbound state of the single valence electron can be excited using another photon at 245 nm thereby producing a doubly charged ion.
2 F 7/2 allows for the efficient excitation of the level 7p 1/2 which in turn maximizes the photoionization probability.
The performance of this photoionization scheme can be estimated from the the steady-state of the atomic multi-level system excitation according to the action of the lasers driving the transitions shown in Fig. 1 and the cross-section of the photoionization from 7p 1/2 . The rate R for the ionization process can be calculated as:
with the excitation probability p 7p of the level 7p 1/2 , the photoionization cross-section σ 245 for the photoionization starting from that level and the flux F 245 of photons at wavelength 245 nm, which is used for ionization. The expected excitation probability for the level 7p 1/2 has been computed according to the theoretical transition-rate data found in Ref. [15] . It has found to be p 7p,max = 9.5 · 10 −3 if all driven transitions are strongly saturated.
The cross-section for the photoionization from level 7p 1/2 has been calculated following a quantum-defecttheory based approach as described in Ref. [16] . In Refs. [17] and [18] two parametrizations of the corresponding transition matrix elements based on the in- volved quantum-defects and quantum-numbers are given, respectively. The quantum defect values are derived on the basis of the level energies listed in Ref. [19] and the [Xe] 4f 14 -series ionization-limit from Ref. [20] . For the scheme proposed here, these calculations give σ 245 = 5.5 Mb according to Ref. [17] and σ 245 = 7.2 Mb according to Ref. [18] .
If the transition 5d 3/2 → 7p 1/2 is efficiently saturated the total ionization rate can be approximated according to Eq. 1 as
with a total continuous-wave power of P 245 for the excitation laser at wavelength 245 nm and a gaussian beamwaist w 0 . For w 0 = 10 µm and P 245 = 100 µW one finds a total ionization rate of R ≈ 4.1 s −1 .
III. EXPERIMENTAL RESULTS
A scheme of the experimental setup for the photoionization-experiments is shown in Fig. 2 . The ions are confined within a stylus ion-trap [21] and the necessary laser-beams are superimposed and focused onto the ions. All involved light-sources are commercially available diode-based laser-systems. In addition to the lasers needed for the ionization process, radiation at 935 nm is needed for laser cooling Yb + [22] . Since light at this wavelength empties the 5d 3/2 level its application is detrimental for the ionization process. Therefore, the 935 nm and 245 nm light paths are equipped with acousto-optic modulators serving as beam choppers. This facilitates switching between ionization and cooling cycles. The flourescence light at wavelength 369 nm is filtered and imaged onto a single-photon sensitive camera (EMCCD). As a first step we investigated the 5d 3/2 → 7p 1/2 transition by applying the laser at 245 nm wavelength and monitoring the fluorescence from the cooling transition 6s 1/2 → 6p 1/2 . For this purpose all involved laser powers were chosen such that that a resulting saturation parameter S 245 ≈ 0.02 was reached according to a comparison of the signal levels with the theoretical model described above. The laser at 935 nm is switched off in these experiments, while the 245 nm beam now serves as a repumper closing the cooling cycle.
The result of a spectral scan of the latter laser across the 5d 3/2 → 7p 1/2 transition is displayed in Fig. 3 . From the fluorescence counts as a function of the 245 nm laser frequency we extract a center wavelength of 245.426 nm. In all subsequent ionization experiments the ionization laser was tuned to this line center. From the spectral width of the fluorescence curve a value of τ = 13.5±2.1 ns is found for the lifetime of the level 7p 1/2 . No other experimentally obtained values for this lifetime and wavelength could be found. The theoretical data in Ref. [15] gives τ = 24.6 ns, whereas a value of τ = 10 ns can be derived from the data in Ref. [23] .
The successful ionization in the experimental runs is verified utilizing a crystallized pair of ions, similar to what has been done in Refs. [3, 8] . Initially a pair of 174 Yb + ions is loaded and laser-cooled into a crystallized state. Following to this step the photoionization process is started by applying the laser-radiation according to the scheme shown in Fig. 1 . During this period the laser at 935 nm is switched off. Afterwards the outcome of this photoionization attempt is probed using the laser-cooling scheme with the repumping-laser at 935 nm switched on and the laser at 245 nm switched off. In the experiment this sequence has been automized using accousto-optical modulators with a switching rate of typically 50 Hz.
Once one of the two ions is turned dark the photoion- ization sequence is interrupted and the remaining crystal consisting of a 'dark' and a 'bright' ion is analyzed. At this point the dark ion remains cooled sympathetically by the laser-cooled bright ion. A first inidication for the successful ionization of the dark ion can be found in the bright ion's position shift, see also Refs. [3, 8] . A doubly charged dark ion will be trapped closer to the trap-center pushing the singly charged bright ion further off. This situation is shown in Fig. 4 . The extent of this displacement can be calculated for an arbitrary trapping potential. A two-ion crystal aligns along the weakest axis of the radio-frequency (RF) iontrap secular-potential. The one-dimensional model potential for this situation is given by
with the ion mass M , the secular-motion frequencies ν l of ion l and the factor Q = q 1 q 2 /4πε 0 . In the following the ion with index 1 will be assumed to be the singly charged bright ion. We define
A value of η = 2 would be expected for a singly and a doubly charged ion if the trapping potential is only constituted of the RF field. This changes in the presence of static electric fields. Then, due to the difference in the scaling of the resulting forces onto particular ion charge the value of η will differ from 2. The equilibrium positions X 1 , X 2 for each of the two 
Plot of the normalized displacement X1(η)/X1(1) of the singly charged ion from the trap center as a function of η.
The value for η = 2.3 as found in the experiment is marked.
ions are found to be:
The plot in Fig. 5 shows the normalized position of the remaining bright ion as a function of η.
In the first ionization attempts the laser at 245 nm was applied at power levels way above 100 µW. As suggested by Eq. 1 and also by intuition, larger powers should result in larger ionization rates. Contrary to these expectations we could not observe successful ionization but a spatial shift of the ions or even ion loss instead. These effects can be attributed to strong charging of non-conducting materials in the vacuum-chamber environment induced by the deep-uv laser. For a thorough investigation of charging effects on trapping performance we refer to Ref. [24] . Hence, the experiments were continued with the ionization laser operating at low power levels.
Fluorescence images acquired before and after a presumingly successful ionization attempt are displayed in Fig. 4 . From the measured ion positions one obtains a first estimate η = 2.3 where the accuracy of this value is limited by the optical resolution of the imaging system. As mentioned above this deviation from η = 2 hints towards the influence of static electric fields onto the trapping potential.
For evaluating η more accurately and validating the ionization success the motional eigenfrequencies of the crystal are investigated, as has been also done in Ref. [1, 3] . For the model potential in Eq. 3 the two crystaleigenfrequencies can be found to be The 'com'-mode represents the eigenmode where both ions oscillate in phase, whereas in the 'breathe'-mode both ions oscillate exactly out of phase. The plots in Fig. 6 show the dependence of these frequencies on the parameter η.
In the experiment these crystal-eigenfrequencies are probed by applying a corresponding RF-electric field using auxilliary electrodes [25] . Fig. 7 shows images of the ions' fluorescence during excitation of the two motional modes along the weak trap axis. Initially a value of ν com (η = 1) = ν 1 = 474 kHz had been found for the crystal with two singly charged ions. The excitation of the 'com'-mode of the mixed-species crystal gives η = 2.13. From the excitation of the same crystal's 'breathe'-mode η = 2.14 is found. The appearance of η ≈ 2 for both modes strongly hints towards a successful photoionization of one Yb + ion.
IV. DISCUSSION AND OUTLOOK
The quantitative agreement of the parameter η for both excited modes shows that the dark ion is indeed a doubly charged ytterbium ion. Obviously, other combinations of {ν l , ν l } can be ruled out by the observation of the fluorescence from the remaining Yb + ion. The slight deviation from η = 2 can be attributed to the influence of static electric fields present in the experiment. This kind of effect is expected to occur in a stylus-type iontrap system where the trapped ions are widely exposed to their environment.
In the experiment as described here the photoionization process itself takes approximately one second. Using a laser power of approximately 100 µW for the ionization laser the process could be run with near unit efficiency. At larger powers two effects could be observed: The trapping of the ions can be destabilized by the disturbance of the electric trapping potential from strong photo-electric According to the theoretical model described in the text this gives η = 2.13 for the common mode and η = 2.14 for the breathing mode.
charges and dark states of singly charged ytterbium can be produced occasionally. The mechanism for the production of these dark states could not be identified yet.
Since the doubly charged species is now readily available inside the stylus ion-trap environment, spectroscopy experiments on the Yb 2+ resonance transition 1 S 0 → 3 P o 1 at a wavelength of 252 nm can be initiated. As discussed in Ref. [1] 6 / s upon full saturation. Therefore, trapping Yb 2+ ions in a parabolic-mirror trap system providing high photoncollection efficiency [26] is expected to support this task.
Finally, we aim at using the Yb 2+ ions in experiments on efficient light-matter interaction in free space [27] , with the ultimate goal of absorbing a single photon with close to unit efficiency.
